Almost two decades ago, the landmark report "To Err is Human" compelled healthcare to address the large numbers of hospitalized patients experiencing preventable harm. Concurrently, it became clear that the rapidly rising cost of healthcare would be unsustainable in the long-term. As a result, quality improvement methodologies initially rooted in other high-reliability industries have become a primary focus of healthcare. Multiple pediatric studies demonstrate remarkable quality and safety improvements in several domains including handoffs, catheter-associated blood stream infections, and other serious safety events. While both quality improvement and research are datadriven processes, significant differences exist between the two. Research utilizes a hypothesis driven approach to obtain new knowledge while quality improvement often incorporates a cyclic approach to translate existing knowledge into clinical practice. Recent publications have provided guidelines and methods for effectively reporting quality and safety work and improvement implementations. This review examines not only how quality improvement in pediatrics has led to improved outcomes, but also looks to the future of quality improvement in healthcare with focus on education and collaboration to ensure best practice approaches to caring for children.
I
n 1999, the Institute of Medicine's "To Err is Human" report compelled healthcare to address the large numbers of hospitalized patients experiencing preventable harm (1) . Concurrently, it became clear that the rapidly rising cost of healthcare would be unsustainable in the long-term. Multiple publications demonstrate the significant morbidity and mortality as well as the added medical costs that accompany a wide variety of preventable errors (2) (3) (4) (5) (6) (7) (8) , clarifying the need for quality improvement practices in the healthcare setting. Utilizing best practices to eliminate preventable errors such as catheter-associated blood stream infections, ventilator-associated pneumonia, pressure ulcers, and other serious safety events will result in significant cost savings and resource utilization, as well as improved care (9) (10) (11) (12) . Because of the breadth of its scope, quality improvement has a variety of stakeholders including patients, their families, providers, hospitals, payers, and society as a whole. Unlike many focused research endeavors, quality improvement often crosses different medical subspecialties, departments, and patient populations.
The Institute of Medicine provides overarching guidelines for improving medical care through six aims for improvement (13) . These aims include care that is safe (avoiding preventable injuries, reducing medical errors), effective (providing services based on scientific knowledge and clinical guidelines), patient centered (care that is responsive and respectful to individuals), efficient (avoiding wasting time and other resources), timely (reducing wait times and improving patient flow), and equitable (consistent care regardless of patient characteristics and demographics) (13, 14) . In this review, we will discuss the application of quality improvement to healthcare, highlight the differences between quality improvement and research, discuss several remarkable quality improvements thus far in pediatrics, and conclude by looking to the future of quality improvement in healthcare.
BRINGING QUALITY IMPROVEMENT TO HEALTHCARE
Rather than focusing on individual responsibility, the Institute of Medicine's "To Err is Human" report attributes the majority of preventable medical errors to systems, processes, and conditions that are poorly designed to lead people away from making mistakes (1). This organizational-based approach directed healthcare leaders to emulate other high-reliability industries as model examples. Industries such as aviation, armed forces, and nuclear power demonstrate low incidences of errors despite high risk and stressful environments mirroring a hospital setting (15, 16) . The aviation industry learned the need to prioritize safety following early failures and now has a long history of effectively training, measuring, and improving teamwork and safety skills to mitigate error (17, 18) . Along with the other mentioned high-reliability organizations, aviation created a culture in which safety measures are reliably and effectively practiced (16) . While the example that these industries have set can be extrapolated to medicine, such as handoffs occurring in a "sterile cockpit" mimicking aviation practices during takeoffs and landings, it is important to note the difference and unique demands of health care. These differences must be accounted for when undertaking quality improvement interventions in the medical field. To be successful, cultural Review shifts must be tied to solid process improvements that are focused on common elements of preventable errors (16) .
Several frameworks have been successfully applied to process improvement efforts in health care, including Model for Improvement (19, 20) , Lean and Six Sigma Methodologies (21) (22) (23) (24) , and Failure Mode Effects Analysis (25) . As Dr. Kshitij Mistry stated in his paper on handoff communication, regardless of the specific approach to improvement, "the fundamental concept is the same: a system is viewed as a set of interdependent elements acting toward a common goal" (22) . The Model for Improvement is a framework that consists of three steps: setting aims to focus improvement, choosing measures to determine if improvement occurs, and testing new ideas to change the current process (19) . The Institute for Healthcare Improvement uses this as the framework to guide improvement work. Plan-Do-Study-Act (PDSA) (26) (27) (28) is an important tool within the Model for Improvement which allows for rapid cycles to test changes on a smaller scale. During these cycles, knowledge is gained by testing improvements for change and then studying the process (Figure 1) . Reflection allows for sustainability or repeating the cycle for new improvements until a gold standard is reached. PDSA is an important iterative process for change but works best within an organized framework (19) . The Six Sigma methodology framework began in the manufacturing industry as a performance improvement philosophy and has spread to other industries. Even more so than the Model for Improvement, this data driven approach aims to improve processes by dramatically reducing variability, with an increased focus on reducing defects to less than 3.4 per million outcomes. Six Sigma consists of following five steps: define, measure, analyze, improve, and control (22, 29) . The "define" phase consists of identifying integral elements of a process and the steps deemed critical to quality. The "measure" phase focuses on understanding the current process. The "analyze" phase pinpoints areas of high variability and attempts to identify potential causes. The "improvement" phase centers on creating solutions to decrease this variability and bridge critical gaps in the current system. Finally, the "control" phase emphasizes efforts that sustain these improvements (22) . The Six Sigma framework can be applied to medicine by standardizing activities such as medication delivery and administration in order to prevent adverse drug events, or standardizing daily rounds to prevent communication breakdowns (30) . LEAN is another facet of Six Sigma methodology which focuses on reducing different types of waste, including those centered around materials, time, and staff. For example, as the lean process is applied to rounding, activities that do not add value to the overall goal of efficient and effective rounds such as long travel time between patient rounds, are eliminated (24, 30) . Also adapted from the manufacturing industry, Failure Mode Effects Analysis is a systematic preemptive strategy to evaluate a process for potential breakdowns, assess the impact of those breakdowns, proactively target solutions, and error-proof the system. Proactive identification and management of potential risks can allow for prevention of medical errors instead of the historical approach of reacting once an event has occurred.
DIFFERENTIATING AND BRIDGING QUALITY IMPROVEMENT AND RESEARCH
As quality improvement becomes a primary focus of healthcare, it is important to note the differences between quality improvement and traditional research. While both quality improvement and research are data-driven processes, there are significant differences between the two methodologies. Research is focused on generating new knowledge, while quality improvement seeks to improve care by translating existing knowledge into clinical practice. Rather than rigorously testing a single hypothesis with tight variable control, quality improvement incorporates a cyclic approach to generate change in the real world environment. In the setting of quality improvement, the goal is to affect change in real time, necessitating data tracking throughout iterative PDSA cycles. This data is often better presented in run charts and control charts (Figure 2 ) to help understand variation over time, rather than traditional pre-and postmeasurements (31) . Run charts are graphs of ongoing data measurement that help demonstrate patterns which impact improvement (32) . Control charts add control limits which define the natural range of variation and can be adjusted after significant process variation. This visual characterization of change over time can more effectively elucidate triggers for improvement, compared to enumerative statistics which require large numbers to demonstrate statistically significant differences following a single intervention, and may fail to differentiate the impact of multiple interventions (33) .
Both quality improvement and research are necessary to continue to advance the field of medicine. Patient care is enhanced by combining evidence-based medicine grounded in quality research with optimal healthcare delivery supported by quality improvement strategies. Figure 3 is a graphical representation of reduction in sepsis mortality with multicenter implementation of the evidence based Surviving Sepsis bundle. Sepsis survival correlates with bundle compliance across sites (34) . This figure demonstrates an example of the cost of poor quality and inefficient healthcare delivery. When new research yields groundbreaking data which leads to a new standard of care, it is imperative that this information is implemented consistently and in a timely fashion. This figure conceptually demonstrates the reality that it often takes years for new research to become standard of care. The shaded area demonstrates lives lost due to poor implementation of best practices, or patients whose lives may have been saved with optimal application of best practices, highlighting the need for research and quality improvement working together to ensure optimal patient care.
Despite the obvious need for rapid and profound quality improvements in healthcare, the overall pace of change has been slow. The etiology of this delayed pace is complicated and multifactorial, at least partially related to conflicting priorities, unclear methods by which to implement improvement, and financial constraints (16) . Due to the inherent differences between research and quality improvement, leaders in the field of quality improvement have argued that the data should be reported differently (31, 35) . The initial reporting of quality improvement efforts was inconstant and unreliable, causing many publications to be confusing and of limited value, limiting the pace for expansion of quality improvement ideas and methodologies. Recent publications have provided guidelines and methods for effectively reporting quality and safety work and improvement implementations. The first draft publication guidelines for quality improvement were published in 2005 (36) and the Standards for Quality Improvement Reporting Excellence (SQUIRE 1.0) followed in 2008 (37) . In 2015, SQUIRE 2.0 was published with revised guidelines (38) . These new guidelines are designed to apply to the many varied approaches used for systematically improving quality, safety, and value of healthcare.
Adequately describing the often 'messy' improvement process in peer-reviewed journals can be daunting, and often produces manuscripts very different than traditional research publications. The SQUIRE structure provides a standardized method for publication of quality improvement efforts, highlighting that both the "doing" and the "studying" portions of improvement work are critical for scholarly reporting (38) . It includes 18 items divided into four distinct categories (Why did you start?, What did you do?, What did you find?, and What does it mean?) (39) . When writing manuscripts, authors should consider all SQUIRE items but recognize that not all items may be included in the final product given that the structure was designed to apply across the many approaches used for systematically improving the quality, safety, and value of healthcare (38) . These guidelines direct authors to be transparent, complete, and accurate when reporting all phases of improvement work (38) . Sharing of both successes and failures is critical to making the knowledge gained both generalizable and adaptable to other clinical areas and institutions, which may have unique workflows and cultures.
EXAMPLES OF SUCCESSFUL QUALITY IMPROVEMENT IN PEDIATRICS
Multiple pediatric studies have documented remarkable quality and safety improvements in several domains including catheter-associated blood stream infections, ventilatorassociated pneumonia, patient handoffs, adverse drug events, and other serious safety events (10, 11, 16, (40) (41) (42) (43) (44) (45) (46) . Review of several of these initiatives highlights the excellent work that has been achieved in improving the quality care of children.
In 2010, the National Association of Children's Hospitals and Related Institutions (NACHRI) group demonstrated that reliably implementing a pediatric specific central line care insertion bundle (checklist) and a new pediatric central line care maintenance bundle can both achieve and sustain significant decreases in pediatric catheter-associated blood stream infection rates in the pediatric intensive care setting (42) . This multi-institutional, interrupted time-series design tracked catheter-associated infection rates in 29 pediatric intensive care units (PICUs). Starting with historical control data, this group monitored the number of pediatric catheter-associated blood stream infection rates while promoting compliance with two serially implemented catheter bundles. The intervention reduced the average number of catheter-associated blood stream infection rates by 43% across 29 PICUs. These statistically significant reductions account for improvement in patient morbidity and mortality as well as decreased costs related to treatment and hospital length of stay, and improved utilization of resources (12,42). While (34) . Sepsis survival correlates with bundle compliance across sites. The shaded region represents lives lost due to poor quality, or patients whose lives may have been saved with optimal application of evidence based practices. Review catheter-associated blood stream infections in adult intensive care units (ICUs) had been nearly eliminated prior to this study, Miller's study demonstrated a unique difference between pediatric and adult medicine. In contrast to adult ICUs which noted dramatic improvements in infection rates when focusing on the insertion of central lines, the NACHRI study demonstrated that in children, adherence to the maintenance bundle had a much greater impact on the decrease in infection rates when compared to the central line insertion bundle. These differences are likely attributable to different utilization strategies that surround central lines between the adult and pediatric ICUs (42) , as well as inherent differences in the patient populations. Physicians training in pediatrics are taught early on that children are not simply "little adults, " and therefore it is not surprising that different strategies may be required to optimize care in the pediatric population. The NACHRI study on catheter-associated blood stream infections also stresses the importance on multidisciplinary teams to address quality issues. Numerous pediatric studies demonstrate the strength and value of collaboration between multidisciplinary teams for improvement efforts for pediatric care (10, 23, 42, 43, 47) .
Patient handoffs, or transitions of care, have been a consistent target for patient safety and quality improvements due to the high percentage of errors that can be attributed to breakdowns in communication (10, 48) . Patient handoffs have also become increasingly more common as physician trainee work hours have been reduced, potentially negating safety benefits that may result from better rested physicians. The World Health Organization and The Joint Commission recommend a standardized process to reduce handoff related errors (49, 50) . Transitions of care are particularly high-risk when patients are transferred between units or medical teams, and for medically complex children. Several studies have demonstrated that initiating a structured handoff process between the operating room and the pediatric cardiac ICU following congenital heart disease repair can reduce communication errors and omissions (22, 43, 51) . In 2015, Breuer et al. targeted handover communication in a more generalizable population of all critically ill children being admitted to a multidisciplinary PICU from the operating room. In this study, a standardized handoff protocol was implemented which led to improvement in postoperative handover communication as demonstrated by decreased prevalence of inaccuracies and increased provider attendance and satisfaction with the process. Patient centered outcomes included reduced antibiotic delays and expedited analgesia administration, the latter coupled with improvements in pain scores. This study also demonstrated that the results were sustainable over time (10). Breuer's study also highlights the value of collaboration as multiple disciplines were involved in this handover model including a critical care team comprised of attending physicians, fellows, residents, nurses, and respiratory therapists, a surgical team represented by resident, fellow or attending physicians and an anesthesia team consisting of an attending, nurse anesthetist or member of the house staff.
The Ohio Children's Hospitals' Solutions for Patient Safety (OCHSPS) is one of the best examples of collaboration between hospitals to rapidly and significantly improve the most serious types of harms occurring in hospitalized children (16) . OCHSPS represents a group of eight tertiary pediatric referral centers in Ohio. Using a two pronged approach to both change the hospital safety culture while also improving specific processes targeting domains of frequent harm, this group demonstrated a decrease in the serious safety event rate among all hospitals by 55% (16) . These successes were achieved by collectively employing high-reliability methods that focused on safety culture and noncompetitive sharing of outcomes and best practices. Initial work focused on adverse drug events and surgical site infections, but as the leaders recognized the power of collaborative effects, OCHSPS expanded their goal to eliminate all serious harm (16) . The serious safety event rate was intentionally selected as measure of success given that these errors strongly impact both providers and patients. This measure highlights the consequences that quality and safety issues have on individual children (16) . The goal was to have all members of the hospital able to track the number of children experiencing harm, with the goal of this number eventually becoming zero, instead of a more modest fractional decrease in hospital errors (16, 52) . In order to achieve this goal, they used a two pronged approach which included developing a culture focused on patient safety and pairing this culture with process improvements led by task forces focused on serious safety events. Hospital leaders made this initiative a priority, private sectors aided in financial support and perhaps most importantly, there was open sharing among the hospitals regarding successes and failures (16) . This group, now under the title of 'Solutions for Patient Safety, " has expanded beyond the borders of Ohio and now includes more than 80 children's hospitals throughout the country working to eliminate preventable harm in hospitalized children. Pediatrics has a long history of employing collaboration rather than solely competition to improve quality and outcomes. Two other exemplary examples of successful projects in which organized learning, transparency, and the right people have led to improved outcomes for pediatric patients include the Children's Oncology Group, a collaboration of more than 200 pediatric cancer centers which helped increase long-term survival of acute lymphoid leukemia to over 90% (53, 54) and ImproveCareNow which through collaboration of 87 care centers has raised the bar for the standard of care for children with inflammatory bowel disease by significantly increasing remission rates, decreasing steroid use, and improving nutrition (55) .
Successful quality improvement initiatives in pediatrics have not only been linked to large, tertiary care centers but also to community hospitals and outpatient clinics. Acute viral bronchiolitis is a high resource utilization pediatric condition due to its prevalence and lack of efficacy of many commonly attempted therapies. In 2006, the American Academy of Pediatrics provided clinical practice guidelines to improve the care of children under the age of two diagnosed with bronchiolitis. These guidelines included limiting unnecessary imaging studies and monitoring, including continuous pulse oximeters, as well as ineffective treatment strategies including bronchodilators, systemic steroids, and antibiotics (56) . Following these guidelines, multiple academic children's hospitals published their experience in reducing unnecessary care by using standardized recommended guidelines and quality improvement initiatives (57) (58) (59) . In 2016, Ralston et al. used a voluntary collaborative strategy to disseminate best practices to reduce overuse of unnecessary care in children with bronchiolitis hospitalized outside of major children's hospitals. The collaborative achieved reduction in unnecessary care of bronchiolitis in a majority of community hospital sites including a 68% reduction in steroid use and a 29% reduction in bronchodilator use (60) . This study is also unique in that the primary focus was on discontinuation of unnecessary therapies which highlights the paucity of quality improvement work on reducing unnecessary care and other waste (60, 61) . As Ralston hypothesized, it is possible that the sharing of experiences through collaboration is valuable to reduce unnecessary care as it shifts normative behaviors and cultures within a peer group (60) .
These endeavors represent a small sample of the quality efforts surrounding the care of children, but are notable for several key elements. While the healthcare delivery of known best practices may be a complex process, many of the solutions to optimizing this delivery are simple, common sense interventions. However, achieving the culture change necessary for success of these interventions takes time and iterative change. Each of these studies demonstrates an understanding of the need for continued improvement with ongoing learning, rather than a single process change. The multidisciplinary approach represented in these studies in both the planning and implementation phases leads to more viable interventions, increases buy-in of new practices, and helps sustainability of the process. Finally, each of these studies aims to not only demonstrate improvement in a process, but to show changes in outcomes with real meaning to patient care.
THE FUTURE OF QUALITY IMPROVEMENT IN PEDIATRICS
Over the past 15 y, quality improvement has become a staple of healthcare. Understanding of quality improvement methodology and participation in the improvement process is now required under both core competencies for physician trainees and maintenance of board certification for practicing physicians. While it is clear that quality improvement efforts in pediatrics has led to improved healthcare delivery and outcomes, there is still much work to be done in order to ensure best practice approaches are applied to the care of children and to eliminate all forms of preventable harm.
As medical research continues to advance at a rapid pace, it will be essential that we couple new knowledge with quality improvement efforts to bring those newly defined best practices to the bedside. At the same time, bold goals and initiatives are necessary to eliminate preventable errors and ensure the highest quality care for all children. In one such initiative, catheter-associated blood stream infections, once thought to be an inevitable event in PICUs, have now been practically eliminated in many units. To continue the success of this and similar work, both financial and staff resources must be allocated to quality and safety efforts.
Quality improvement is tied to the paradigm shift of the US medical system over recent years from pay for service to pay for performance reimbursement with the goal of using payment incentives to recognize and reward high levels of quality and quality improvement (62) . Moving forward, reimbursement implications will be an important driver in further raising the profile of quality improvement in academic as well as nonacademic centers. While the majority of initial pay for performance evaluations have focused on the short-term impact of clinical processes such as ophthalmologic exams for diabetic patients, in the future these will likely shift to long-term impact on health outcomes such as complication rates, hospital readmissions, and mortality (63) .
The future of quality improvement will move beyond singular endeavors and focus on collaboration among not just individual providers but healthcare organizations as a whole. Despite increasing financial pressures on these organizations which may spark competition, long-term sustainability of this industry will require multi-center partnerships with wide distribution of best practices. Sharing successes and failures will be vital to ensure more rapid improvements across all realms and will lead to optimal care for patients.
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